This is a report of a single-institution prospective study evaluating the safety of a spot-scanning dedicated, small 360-degree gantry, synchrotron-based proton beam therapy (PBT) system. Data collection was performed for 56 patients with 59 treatment sites who received proton beam therapy at Hokkaido University Hospital between March 2014 and July 2015. Forty-one patients were male and 15 were female. The median age was 66 years. The primary lesion sites were prostate (n = 17), bone/soft tissue (n = 10), liver (n = 7), lung (n = 6), central nervous system (n = 5), colon (n = 2), pancreas (n = 2), kidney (n = 2) and others (n = 5). Chemotherapy was administered in 11 patients. The prescribed total dose was from 20 to 76 GyE (Radiobiological equivalent dose, RBE = 1.1), with the median dose of 65 GyE in 4 to 35 fractions. No PBT-related Common Terminology Criteria for Adverse Events Grade 4 or 5 toxicities were observed; the incidence of early PBT-related Grade 4 adverse events was 0% (95% confidence interval 0 to 6.38%). The most common Grade 3 toxicities were hematologic toxicity (12.5%) unlikely to be related to the PBT. One patient developed a left femoral neck fracture (Grade 3) at 14.5 months after PBT for chondrosarcoma of the left pelvis. The pathological findings showed no other malignancies, suggesting that it was possibly related to the PBT. In conclusion, the spot-scanning dedicated, synchrotron-based PBT system is feasible, but further studies on its long-term safety and efficacy are warranted.
INTRODUCTION
Proton beam therapy (PBT) is an evolving and promising technology in radiation oncology. This is a result of the superior dose conformation emerging from the Bragg peak followed by the steep has a potentially superior dose distribution and less neutron contamination [2] . Moreover, the scanned beam allows manipulation of beams from various angles and with the required energies. In combination with advanced computer science technology, intensitymodulated proton therapy (IMPT) can be achieved.
The world-first spot-scanning dedicated, small 360-degree gantry, synchrotron-based PBT, called the PROBEAT-RT, was developed by collaboration between Hokkaido University and Hitachi Co Ltd. in Japan. In this device, the real-time tumor-tracking radiotherapy (RTRT) technique was incorporated into the spot-scanning proton beam therapy technology [3] . This advanced system facilitates the precise irradiation of moving targets (movement particularly due to respiration), leading to high accuracy of dose delivery with significantly reduced doses to adjacent normal structures [4, 5] . The small spot-scanning dedicated system allows X-ray tubes and flat panels to be mounted in the gantry. The device can be used as an on-board orthogonal X-ray or cone-beam computed tomography (CBCT) for treatment verification and fluoroscopic imaging for tumor motion mitigation. We started patient treatment in 2014 at Hokkaido University Hospital after receiving approval from the Pharmaceuticals and Medical Devices Agency (PMDA) of Japan.
The clinical benefit of spot-scanning PBT with a rotating gantrymounted CBCT system and gating function has been shown to warrant the expectations for this device. However, dedication to spotscanning PBT without passive scattering technology is challenging because of the potential uncertainty such as dose inhomogeneity for static tumors and, most importantly, interplay effects for tumors in moving organs [6, 7] . It is not known whether the spot-scanning PBT system discussed here is as safe as conventional passive scattering PBT systems using the total dose and fractionation schedules (for which the safety in passive scattering PBT have been reported in the literature). The aim of this study is to report the prospectively investigated safety of the PBT with a spot-scanning dedicated, small 360-degree gantry, synchrotron-based proton beam therapy system at the acute phase (within 12 months after PBT).
MATERIALS AND METHODS

Study design
This was a prospective, non-randomized single institution study. Patients who met the eligibility criteria were enrolled in this study. The inclusion criteria consisted of pathologically proved malignant tumors, or pathologically proven benign diseases where the effectiveness of X-ray treatment was verified; clinically evident malignant diseases or clinically benign diseases where the effectiveness of X-ray treatment was verified, and conforming to the Eastern Cooperative Oncology Group (ECOG) performance status of 0-3. The exclusion criteria included serious active infections in the irradiated sites; severe uncontrolled diabetes; with severe heart disease or other serious complications, including systemic lupus erythematosus (SLE), scleroderma, interstitial pneumonia; pregnancy or likely pregnancy; psychiatric symptoms or psychosis; proposed radiation treatment site previously given a tolerance dose in the past; unable to stay at rest for about 30 min; body weight over 135 kg; or unsuitable for enrollment as evaluated by the principal investigator. A well-informed written consent was obtained from the patient or a person with parental authority if the patient was younger than 20 years of age. This trial was approved by the institutional review board of our hospital and started from March 2014 at the Department of Radiation Oncology, Hokkaido University Hospital in Japan under the Clinical Trials Core Hospitals project research of Hokkaido University. The trial was registered in the University hospital Medical Information Network-Clinical Trials Registry (UMIN-CTR) (UMIN trial ID: UMIN000013197).
Proton beam therapy
The PROBEAT-RT system (Hitachi Co. Ltd, Hitachi, Japan) is a synchrotron-based proton therapy system dedicated to discrete spot-scanning techniques. It consists of the accelerator, beam transport system, compact 360-degree rotating gantry with a robotic couch, and two sets of fluoroscopes (Fig. 1) . The details of the treatment system were described in a previous study [4, 5] . Briefly summarized, proton beam energy is from 70 MeV to 220 MeV, resulting in a penetration value of 4-30 g/cm 2 . The accelerated proton current is 2 nC; the maximal field size is 30 × 40 cm 2 at the isocenter, and the spot size is 7.9 mm and 2.9 mm at the highest and lowest energies, respectively. Image verification was performed by rotating two gantry-mounted orthogonal sets of X-ray fluoroscopes.
CBCT was useful in reducing patient set-up errors, and for tumors in moving organs, real-time-image gated proton beam therapy (RGPT) was used. In the RGPT, orthogonal fluoroscopic imagetracking of a gold fiducial marker was performed for the gating of the spot-scanning PBT. Images were recorded every 0.033 s, and the proton beam was delivered with a delay of~0.05 s and an accuracy of ±2.0 mm during the beam delivery (Fig. 2) . For the gated PBT delivery, the parameters were determined by reference to the reports of Tsunashima et al. [8, 9] .
Treatment planning and dose prescription
Target and organ-at-risk (OAR) were delineated based on the disease type and anatomical location of the tumor in the individual patient. Dose prescription and OAR constraints were determined by physicians according to institutional protocols. The VQA treatment planning system (Hitachi, Ltd, Tokyo, Japan) was used to generate appropriate treatment plans and evaluate dose-volume histograms and target coverage. The relative biological effectiveness (RBE) value was determined to be 1.1 by a previous study and used in the treatment planning [10] . The lateral margin for the clinical target volume (CTV) was CTV plus 3.0 mm + 4% of the largest width of the CTV at the isocenter plane perpendicular to the beam direction in the water equivalent thickness (WET). The margin for the CTV along the beam direction was 1.0 mm + 3.5% of the distance between the proximal surface of the CTV and the distal surface of the CTV in WET. RGPT was used if the tumor was within a movable organ such as lung, liver, pancreas or prostate. The margin for the internal organ margin was not added between the CTV and the planning target volume (PTV) in RGPT. Regarding the total dose and fractionation schedules for the spot-scanning PBT, these were in principle selected from the schedules where the safety and efficacy have been reported in the literature for passive scattering PBT. The dose
schedules listed in Supplemental data 1 are an English translation of the dose fractionation schedules that are approved by the Japanese Society of Radiation Oncology (JASTRO) for PBT. The references for Supplemental data 1 are shown in Supplemental data 2. Most of the patients were treated using one of the treatment schedules in Supplemental data 1, and some were treated with dose fractionation schedules used safely in the X-ray radiotherapy in our institution. Dose constrains are in principle based on the Emami et al. data Two sets of fluoroscopic images are shown with the projection of the planned position of the internal fiducial markers (arrows). The scanning pencil beam of protons is delivered only when the fiducial marker is within ± 2 mm of the planned position. The rate of recording was 30 frames per second for this patient. Other parameters of the fluoroscopy are shown in the display. During the actual irradiation, the imaged area is collimated to reduce unnecessary X-ray exposure. Prospective study to evaluate the safety of the PROBEAT-RT system • i65 [11] . When the daily dose is different from 2.0 GyE (RBE 1.1) and a hypofractionation schedule is used, dose constraints used for stereotactic radiotherapy in Japan were used as the reference [12] . Basically, the dose was prescribed at D99 for the CTV, with the D99 for the CTV selected; this dose distribution was close to D95 for the PTV in X-ray treatment in an in-house simulation study. The margin for the CTV was considered for reduction only when the dose to the OAR was above the dose constraint for specific organs.
Data collection and endpoint assessment
Adverse events were assessed weekly during the treatment, monthly until 3 months, and every 3 months thereafter. The study follow-up period was set to 12 months after the end of the PBT. Adverse events were graded using the Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Data collection, management, and analysis were performed by the Clinical Research and Medical Innovation Center of Hokkaido University Hospital. The primary endpoint was the incidence of early PBT-related serious adverse events (SAEs) defined as Grade 4 or higher. All SAEs were reported and the cause-effect relationship between SAE and PBT was categorized into 'Definite; causal relationship with PBT is plausible, which cannot be explained by exacerbation of original disease, comorbidity, other medicine or treatment, etc.', 'Probable; causal relationship with PBT is reasonable, which is not likely due to exacerbation of original disease, comorbidity, other medicine or treatment, etc.', 'Possible; causal relationship with PBT is reasonable, but can be explained by exacerbation of original disease, comorbidity, other medicine or treatment, etc.', 'Unlikely; causal relationship with PBT is improbable, which can be explained by exacerbation of original disease, comorbidities, medicine or other treatment, etc.', 'Not related; there is no cause-effect relation with PBT, and it can be clearly explained by other reasons' and 'Unassessable; data to be judged is insufficient, more detailed data is required, or evaluation is difficult'. The attending physician judged the cause-effect relationship and when it was either 'Definite', 'Probable' or 'Possible', it was judged there was a causal relationship.
Statistical analysis
Assuming the incidence proportion of early PBT-related Grade 4 adverse events was 3%, a sample of size 100 would be required to determine at least 1 case with 95% probability. The incidence proportion and its 95% confidence interval were calculated using the Clopper-Pearson method; SAS software (version 9.4, SAS Institute Inc., Cary, North Carolina, USA) was used for the statistical analysis.
RESULTS
Patients
Ninety-seven patients were registered until August 2016. From May 2016, the nation-wide registration program for patients treated with PBT was started in Japan. It was decided to integrate this trial with the registration program, and registration was closed in August 2016. At this point, 56 patients with 59 treatment sites who had passed 12 months or more from the end of the PBT were recruited into the study. The contract with our data center for this trial was terminated at the same time for budgetary reasons, and the data collection for the remaining 41 patients was terminated; these patients were excluded from the analysis.
Forty-one patients (73.2%) were male and 15 female; the median age was 66 years (range 1 to 87 years); and the primary lesion sites were prostate (n = 17), bone/soft tissue (n = 10), liver (n = 7), lung (n = 6), central nervous system (CNS) (n = 5), colon 
(n = 2), pancreas (n = 2), kidney (n = 2), and others (n = 5). All tumors were malignant except for two patients with benign tumors: a craniopharyngioma and a cerebral arteriovenous malformation. Chemotherapy was administered concurrently for one patient and in adjuvant settings for 10 patients. The prescribed total dose was from 20 to 76 GyE (RBE = 1.1), with the median dose 65 GyE and the median fraction number 26 (range, 4-35). Internal fiducial markers were implanted in 26 patients, and RGTP was used for 28 lesions in these 26 patients. Details of the demographic characteristics and treatments are shown in Tables 1 and 2 . All patients were treated with schedules that have been reported to be safe, as reported in the PBT literature, except one patient who needed to have the treatment interrupted because of out-of-field tumor progression. There were no dates when treatment had to be rescheduled due to mechanical problems.
The 12-month follow-up completion rate was 87.5%. Of 56 patients, 4 had died before the completion of the 12-month followup after the PBT. A further three patients did not attend follow-ups after the visit at 9 months.
Adverse events
Acute toxicities were mild (Grade 1-2). The most common Grade 1-2 toxicities were radiation dermatitis (n = 31), elevated alanine aminotransferase (ALT) (n = 13), aspartate aminotransferase (AST) (n = 10), and thrombocytopenia (n = 10). Adverse events of Grade 3 or higher are detailed in Table 3 . Grade 3 or 4 hematologic adverse events were observed in 7 patients (12.5%) within the 12 months after the PBT. Of these, 6 patients received chemotherapy before and/or after the PBT and one patient had liver cirrhosis with pre-existing thrombocytopenia Grade 2-3; therefore, we concluded there were no Grade 3 or higher hematologic adverse events related to the PBT.
One patient developed a fracture of the left femoral neck (Grade 3) 14.5 months from the start of the PBT. This patient was a 77-year-old female with chondrosarcoma of the left pelvis (Fig. 3a) . She received PBT of 70 GyE in 28 fractions to the left pelvis (Fig. 3b) . The maximal dose to the femoral neck was 65.4 Gy. This patient underwent hip replacement surgery after the fracture, and the pathological findings showed osteonecrosis with no residual cancerous lesion, suggesting that it was possibly related to the PBT. No other PBT-related SAE above Grade 2 occurred within 3 months or 12 months after the treatment; the incidence of early PBT-related Grade 4 adverse events was 0% (95% confidence interval 0-6.38%).
Four patients had died within 12 months of the PBT. Two patients died of underlying disease progression. One patient with bilateral lung cancer and receiving PBT to the right lung died of contralateral lung cancer progression 5.8 months from the start of the PBT. One patient with hepatocellular carcinoma receiving PBT to the liver died of heart failure 5.8 months from the start of the PBT, for reasons considered unrelated to the PBT.
DISCUSSION
The world-first spot-scanning dedicated, small 360-degree gantry synchrotron-based proton beam therapy, PROBEAT-RT system, integrated with the real-time tumor tracking system has been developed at Hokkaido University. We started treating patients using PBT with non-gated and gated functions in March 2014. The current study demonstrates that the PBT system here successfully administers treatments without early serious adverse events for a variety of disease sites, based on the prospectively collected patient database.
The PROBEAT-RT system was jointly developed by Hokkaido University and Hitachi Co. Ltd. Liver (12) Prospective study to evaluate the safety of the PROBEAT-RT system • i67 basis until the entire tumor volume is irradiated, using a magneticcontrolled computer system. With the absence of customized equipment such as a compensator and a collimator, which are necessary in passive-scattering PBT, the inventive spot-scanning dedicated machinery here enables two orthogonal X-ray tubes with flat panels to be mounted just beside the nozzle with the rotating gantry. The device can provide pre-treatment image verification by both traditional orthogonal X-ray and CBCT. Further, in combination with the positioning of internal fiducial markers, it can track and irradiate the tumor with the incorporated gating function. The new treatment method this makes possible is termed real-time-imagegated, spot-scanning proton therapy (RGPT), and it has shown very promising results in target coverage and reduction of normal tissue doses with lung and liver tumors [4, 5] . This technique also contributed to a reduction in the total size and cost of the equipment and thus provides an attractive method in proton treatment of moving tumors [5] . The facility has been developed since 2009 and has been in operation since March 2014. There were no days when we were unable to treat patients and the ratio of uptime, the rate of operation of the proton machinery without problems over the whole operation time, was calculated to be 98.5% during this period. In Japan, proton therapy was first put to clinical use at the National Institute of Radiological Sciences (NIRS), Chiba, and the Particle Radiation Medical Science Center (PARMS), University of Tsukuba using passive scattering technology [13] . Generally speaking, no severe complications have been reported with the RBE value of 1.1 and with various dose fractionation schedules [14, 15] . Recently, several studies successively reported the use of novel scanning PBT of several tumor sites. A study at the Pual Scherrer Institute (PSI), Switzerland on base-of-skull tumors (one of the tumor types that would potentially benefit most from PBT) demonstrated excellent local control and survival outcomes with acceptable toxicity [16] [17] [18] [19] . Grade ≥3 toxicities reported were CNS necrosis and optic neuropathy. At the University of Texas MD Anderson Cancer Center (MDACC), none of 15 patients with chordoma/ chondrosarcomas treated with spot-scanning PBT developed Grade 3-5 adverse events, despite the prescription dose of 66-70 GyE [20] . Iwata et al. has shown that RBE values of passive scattering proton beams in four cell lines examined were 1.01 to 1.22 (average, 1.14) and almost identical to those of spot-scanning beams in their own institution [21] .
Selection of the dose fractionation schedule in this kind of prospective study for new radiotherapy technology is difficult. Here, using dose fractionation schedules where the safety was reported for passive scattering PBT, no patient in our study experienced Grade ≥3 CNS toxicity during the observation period. However, since the prescribed radiation dose in this study was administered to a wide variety of treatment regions, we cannot conclusively show equality of the scanning method to the passive scattering method. This study should be regarded as a feasibility study for the spot-scanning dedicated PBT system with dose fractionation schedules where safety has been reported for passive scattering PBT. This study supports the concept of multi-institutional clinical studies that include institutions where passive scattering PBT systems as well as our spotscanning PBT system in principle administer and employ the same total dose and fractionation schedules.
Dosimetric studies have shown a potential sparing of bone marrow by spot-scanning PBT [22, 23] . In previous work we conducted an in silico study in 13 postoperative gynecologic malignancy patients. Compared with IMRT, Grade 3 or higher hematologic adverse events (HT3+) were significantly lower in spot-scanning PBT estimated by the Lyman normal tissue complication probability (NTCP) model [22] . The mean NTCP value for estimated HT3+ was 4% and 19% for SSPT and IMRT, respectively (P-value = 0.0002). In the current study, Grade 3 or 4 hematologic adverse events occurred in six patients. However, the presence of coadministered chemotherapy or pre-existing hematologic dysfunction hampered the diagnosis of PBT-related HT3+.
Charged particle radiotherapies, particularly carbon ion radiotherapy (CIRT), is considered a promising treatment for bone and soft tissue sarcomas due to the excellent physical dose distribution and biological intratumoral dose [24] [25] [26] [27] . There have been cases of bone fracture after particle beam treatment for chondrosarcoma (CS). Indelicato et al. reported only one thoracic fracture requiring fusion surgery among proton therapy treatment of 51 patients with spinal CS [24] . Sumiyoshi et al. reported a case of low-grade CS at the left ileum treated with CIRT 70.4 GyE in 16 fractions that developed femoral neck fracture at 21 months after treatment [28] . The patient underwent left hemiarthroplasty and the pathological report showed osteonecrosis, indicating a radiation-induced mechanism. Outani et al. reported five of 7 CS patients who received CIRT developed pelvic compression fractures and avascular necrosis was seen in 4 of these 5 patients [29] . All tumors were located at the periacetabular region similar to the patient reported here. The dose constraint recommended for the femoral head/neck is TD 5/5 = 52 Gy and TD 50/5 = 65 Gy by Emami et al. [11] , and <5% of the femoral head/neck would receive 60 Gy according to RTOG 0630 (a Phase II trial of image-guided preoperative radiotherapy for primary soft tissue sarcomas of the extremities). The patient in the report here received a higher dose than the recommended threshold as the possibility of microscopic tumor involvement around the femoral head could not be disregarded.
The limitations of this study were the inclusion of only a small number of patients and data heterogeneity due to the variety of tumor sites and dose schedules. The safety of this treatment was not formally proven because this study had terminated before the completion of all patients' follow-up. We performed additional analysis involving all 97 patients after the 12-month follow-up of the last patient, and found that 93 patients (96%) completed planned treatment, with a median prescribed total dose of 66 GyE (RBE = 1.1). Two patients had cancelled PBT before treatment initiation. The 12-month follow-up completion rate of treated patients was 84%. Seven patients were confirmed to have died within 12 months after the PBT. There were no PBT-related Grade 4 or higher SAEs in any of the followed patients within 3 months or 12 months after the treatment; therefore, we believe that the results here suggest that spot-scanning dedicated PBT using the small 360-degree gantry synchrotron-based PBT was very well tolerated, with acceptable toxicity and without SAEs. The toxicity outcomes were comparable with those of other charged particle therapy trials; however, the results should not be used to predict accurate outcomes and do not allow direct comparisons with other studies. The efficacy and longterm safety in a larger group of patients with tumor-specific uniform treatment regimens is under investigation.
CONCLUSIONS
We treated 56 patients with 59 lesions using a spot-scanning dedicated, small 360-degree gantry, synchrotron-based proton beam therapy (PROBEAT-RT) system and evaluated the safety of the treatment in the prospective study here, with a complete follow-up rate of 87.5%. The proton beam therapy using the PROBEAT-RT system irradiated various treatment sites without SAEs related to the proton beam therapy within 3 or 12 months post treatment. The efficacy and long-term safety of the system are under further evaluation.
